Abstract: Multilocular brown adipose tissue (BAT) is a versatile endocrine tissue involved in non-shivering thermogenesis, mitochondrial biogenesis, extracellular matrix homeostasis and signalling, and hibernation in hibernating animals. This study investigated the correlations between the amount and extent of BAT and nutritional status in adult humans. Samples of adipose tissue from nine body locations were taken from 107 consecutive autopsies in males and females, fixed in formalin, processed by routine methods and stained with hematoxylin-eosin. Based on the Quetelet index as a measure of nutritional status, the cases were divided into three groups: hypotrophic, eutrophic and hypertrophic (obese). We found significant sex and nutritional status differences in the frequencies of BAT positive cases. While no dependence on nutritional status was found in women, the frequencies of BAT positive cases in men were significantly different (41% in hypotrophy, 82% in eutrophy, and 64% in hypertrophy, P = 0.032). The distribution of BAT positive samples among sampled adipose tissue locations (positives for location and category/total positives for the category) were sex-independent, and showed that in hypertrophic cases, a large fraction of BAT is located in the periadrenal region, in agreement with a previous study by other authors. The present study also shows clear correlations between nutritional status and amount and extent of BAT in adult humans.
Introduction
Brown adipose tissue (BAT) performs a variety of functions in the body of endotherms (Arbuthnott 1989; Cannon & Nedergaard 2004; Iatropoulos & Williams 2004; Nedergaard et al. 2007; Sethi & Vidal-Puig 2007) . The multilocular BAT is a versatile endocrine tissue scattered throughout the entire body and, depending on the species, has certain central junctional areas, such as around the adrenals (for all species), in the anterior mediastinum, around the thymus (in all species), and subcutaneously between scapulae (mainly in rodents) from birth throughout life in both laboratory animals and humans (Aheme & Hull 1966; Itoh & Kuroshima 1967; Mrosowsky & Rawlatt 1968; Zancanaro et al. 1995) . It is not subject to involution. The presence of BAT at later stages of human life has also been investigated (Heaton 1972; Nedergaard et al. 2007) .
BAT is an important source of cold-and dietinduced non-shivering thermogenesis, mitochondrial biogenesis, extracellular matrix homeostasis and signalling, and hibernation in hibernating animals (HimmsHagen 1984a (HimmsHagen ,b, 1995 Stock 1989; Himms-Hagen & Ricquier 1998; Klaus et al. 1991; Trayburn 1993; Bartness & Song 2005) .
The distribution of BAT in rodents, hibernators and in human foetuses and newborns is very similar. The largest amount of BAT has been reported in the intrathoracic and intraabdominal locations near major blood vessels. According to Smith (1962 Smith ( , 1964 and Mrosovsky & Rowlatt (1968) , the heat generated near blood vessels leading to the heart may provide a thermal shield for the blood flowing to the heart and on to the whole body. During awakening from hibernation, the flow of blood through the BAT is increased (Bullard & Funkhouser 1962) .
Increase in the body heat production is an adaptive response to overfeeding and serves as a control mechanism in the regulation of body weight (Guleck 1922; Lean 1989; Avram et al. 2007 ). Based on research on rats, some authors hypothesized that BAT defects may be the primary cause of obesity (James & Trayburn 1976; Rothwell & Stock 1979 Himms-Hagen 1995) . The aim of this study was to investigate the correlation between the extent and amount of BAT and nutritional status in adult humans. We report that we have found such a correlation to exist in males, while in females it was much less pronounced. Based on cause of death, the cases can be divided into three groups. 18 cases (17%) were classified as sudden deaths. For these, neither the autopsy nor the accompanying histopathology and toxicology examinations provided an evident cause of death. A pathological cause, i.e. a pathology explaining the death, was found in 36 cases (34%). The pathologies comprised a variety of afflictions of the cardiovascular (14 cases), central nervous (8 cases), respiratory (8 cases), gastrointestinal (4 cases) or other (2 cases) systems. The rest 53 cases (49%) were violent deaths. In these, dominant death causes were multiple or combined traumas (16 cases) and isolated cranio-cerebral traumas (12 cases), inflicted most frequently in falls or traffic accidents, as intentional self-harm, or in assaults by other person. These were followed by deaths from asphyxia as a result of selfstrangulation or drowning (11 cases), and from intoxication (10 cases). There were also several deaths due to low or high temperature or electric current (4 cases).
Autopsy cases and methods

Subjects and death causes
Importantly, there were no cases with systemic disease, such as diabetes, cancer and chronic inflammatory disease.
Samples and BAT
Adipose tissue samples were obtained from 9 areas of the body: cervical, axillary, interscapular, periaortal thoracic and abdominal, intercostal, periadrenal, perirenal, and inguinal (see Table 1 for a more complete description). Samples were fixed in 10% neutral formalin, processed by routine methods, embedded in paraffin blocks and cut in a rotary microtome at thickness of 4-5 µm. The sections were stained with hematoxylin-eosin. Subsequently, the slides were examined for the amount and extent of BAT by light microscopy at magnifications up to 225×. The amount and extent of BAT in each sample was evaluated semi-quantitatively, using a method similar to that described by Medeiros et al. (1985) and based on the criteria listed in Table 2 . Each of the 107 autopsy cases had 9 adipose tissue microscopic samples (slides). In each slide, the presence of BAT (brown adipocytes) at individual locations (i.e., present/not present) was used. As such, a BAT slide was considered positive if its grade according to Table 3 was higher than 1. A BAT-positive subject was a subject with at least one BAT positive location (Table 4) .
Nutritional status
All individuals were adults who were weighed and measured at autopsy. Their nutritional status was determined by the Quetelet index (QI = body weight [kg] / squared body length [m 2 ]). Similar to Santos et al. (1992) , cases were divided into three groups, as described in Table 3 .
The nutritional status composition of the study group corresponds to population averages (Sonka et al. 1991) . No 
adjustments were made for age, sex or nutritional status composition of individual categories of cases.
Statistics
The data were processed with a view to reveal differences between individual categories of cases in: (i) amount of BAT; and (ii) distribution (extent) of BAT among individual locations. For this purpose, we calculated the frequencies of BAT-positive subjects (positive subjects / total subjects in a given category) and BAT-positive samples (positive samples / total samples in a given category), as well as BAT distribution profiles, i.e., the proportions of total positive samples found at a given location (positive samples at a location / total positive samples at all locations, for a given category). All calculations were carried out using the Microsoft Excel spreadsheet. χ 2 test on contingency tables (Zar 1999 ) was used for testing hypotheses concerning differences in proportions.
Results
The nutritional status of the 61 male and 46 female deceased individuals was as follows. In males, 17 were hypotrophic, 22 eutrophic, and 22 hypertrophic. In females, 10 were hypotrophic, 13 eutrophic, and 23 hypertrophic (Table 4) . Autopsy records of these 107 individuals allowed excluding systemic diseases, such as diabetes, cancer and chronic inflammatory disease.
All 107 deceased individuals showed BAT-positive findings in 6 of the 9 BAT locations. Of the remaining three BAT locations, the interscapular (L3) and inguinal (L9) regions had no positive findings, while the axillary region (L2) had a single BAT-positive finding in a hypertrophic woman (Table 4) . In both sexes, the incidence of BAT-positive findings was highest in the intercostal location (L6) that contained 27 to 57% of incidence in the three nutritional categories, being the highest (P = 0.014) in hypertrophic subjects (Fig. 1 , Table 4 ). The next highest values were observed in L7 (16 to 23%), followed by L4 (8 to 19%), L1 (6 to 17%), L8 (8%), L5 (5%) and L2 (<1%) (Fig. 1, Table 4) . The values at L3 and L9 were 0. Thus, the retroperitoneal periadrenal location (L6) had the highest incidence of BAT, followed by the retroperitoneal renal location (L7), both being in the abdominal cavity. The mediastinal locations L4 and L1 followed (Fig. 1 , Table 4). 
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Eutrophic Hypertrophic 0% 25% 50% 75% 100% Positive samples Fig. 2 . Incidence of BAT-positive subjects by nutrition status and sex. Light gray, males; dark gray, females. The incidences plotted are ratios of BAT-positive subjects of the given nutritional category to all subjects of that category; error bars are standard deviations. The incidences in men are significantly unequal (by χ 2 test on contingency table, P = 0.032), and are also significantly unequal to those in women (P = 0.008).
In males, the incidence of BAT-positive subjects was maximal for eutrophic subjects (82 ± 8%, n = 22), followed by hypertrophic (64 ± 10%, n = 22) and hypotrophic (41 ± 12%, n = 17) subjects. The difference between eutrophic and hypotrophic men was statistically significant (P = 0.032). In women, the incidence of BAT was flat (60 ± 16%, n = 10 for hypotrophic, 62 ± 14%, n = 13 for eutrophic, and 65 ± 10%, n = 23 for hypertrophic) across the three nutritional categories (Fig. 2) . The proportions in men were (collectively) significantly different from those in women (P = 0.008). These data represent a clear demonstration of a (sexdependent) correlation between nutritional status and incidence of BAT. The incidence of positive BAT samples in males (regardless of location) was highest (22%) in eutrophic individuals, significantly (P = 0.005) higher compared to the other 2 nutritional categories, which were similar (Fig. 3) . In females, the highest incidence was, likewise, in eutrophic subjects (P = 0.02) compared to hypoand hyper-trophic subjects. In general, the values in females were higher in all three nutritional categories compared to males (Fig. 3) . Comparison with Figures  2 and 1 indicates that the small frequencies in hypertrophic cases may be due to concentration of BAT in a smaller number of locations compared to hypotrophic and eutrophic cases.
Concluding our observations, we have found that: (i) in women, the incidence of BAT is practically independent of nutritional status; (ii) in men, BAT incidence is significantly decreased in hypertrophy, and even more in hypotrophy; and (iii) in hypertrophic subjects, BAT is located predominantly in the periadrenal region. This predominance is largely reduced in eutrophic and even more in hypotrophic cases.
Discussion and conclusions
Similarly to studies by other authors, we tried to avoid selection bias by cautiously selecting a set of consecutive autopsies, with the constraint of avoiding as much as possible any patterns of systemic disease that would interfere with BAT findings. A (somewhat unpleasant) consequence of this approach was that the set of cases is not balanced with regard to sex and nutritional status, as composition with respect to these parameters is a result of random selection. For the small sample of 107 cases, the observed imbalance is compatible with population statistics (Sonka et al. 1991) .
Our data suggest that 2 prominent BAT locations (L6 and L7) are in the retroperitoneal abdominal cavity, followed by L4 and L1, which are both in the mediastinum. It has been reported that the distribution of BAT is the same in rodents, hibernating animals, human foetuses and newborns, specifically in the cervical (L1), axillary (L2), interscapular (L3), thoracic (L4 and L5) and abdominal (L6 and L7) locations (Hatai 1902; Aherne & Hull 1966; Itoh & Kuroshima 1967 ). In contrast to rodents and hibernators, BAT cells disappear in man with age. Heaton (1972) reported that active BAT cells survive for the longest time in abdominal (perirenal and periaortal) adipose tissue, as confirmed by this study.
Several authors have discussed the origins of endogenous obesity in humans from the perspective of the effects of absence or deficiency of BAT observed in laboratory animals (James & Trayhurn 1976; Rothwell & Stock 1979 Trayhurn et al. 1982 , HimmsHagen 1984a ,b, 1985 Horwitz et al. 1985; Moore et al. 1985) . In obesity studies, the thermogenic response of hypertrophic and non-hypertrophic persons has to be compared. However, there has been some uncertainty in the selection of the relevant body measure to use [body mass, (body mass) 0.75 , fatless body mass], which results in inconsistency of the results reported by different authors. Moreover, data concerning the incidence and function of BAT in adults are fragmentary. From the perspective of this discussion, there are very little reference data of other authors to compare.
Some studies report increased incidence of BAT in hypotrophic and cachectic individuals (Sherlock et al. 1985; Ito et al. 1988; Bianchi et al. 1989; Santos et al. 1992 ). The only morphological study so far analyzing the correlation between the incidence of BAT and nutritional status in adult humans is that by Santos et al. (1992) . The study of Soares & Silveira (1991) focuses primarily on BAT incidence in Chagas disease; however, they observed that the incidence of BAT does not correlate with nutrition. In co-operation with Santos et al. (1992) , they examined histology samples of periadrenal fat tissue obtained in necropsies of 366 adults. The necroptic cases were divided, similar to our study, into three groups based on QI: hypotrophic, eutrophic, and hypertrophic. They observed increased BAT incidence in 89 cases (24.3%) and found that the incidence of BAT correlates with nutritional status: 34.7% in hypotrophic cases, 25% in eutrophic cases, and 16.1% in hypertrophic cases. The differences were statistically significant, without a significant difference in sex. The amount of BAT was reported as the number of positive findings per subject.
In the sample of our study, when looking at positives per subject (Fig. 2) , first of all we see significant sex difference: there is no dependence on nutritional status in women, while in men we found the lowest incidence of BAT in hypotrophic, and the highest in eutrophic cases. Summary incidence of positive BAT samples in individual nutrition groups indicates (Fig. 3 ) the highest incidence of BAT in eutrophic, and the least in hypertrophic subjects. Looking at the distributions in Figure 1 , we see that the distribution of BAT in hypertrophic subjects is different from the distribution in eutrophic and hypotrophic subjects, with BAT concentrated in the periadrenal region. Thus, dependent on sampling location, an increase or decrease in BAT in hypertrophic cases can be observed.
Based on these findings we summarize that, in our adult population, incidence of BAT in hypertrophic adults corresponds to the population average, but the distribution of BAT among the studied locations is different from eutrophic and hypotrophic cases, being located predominantly in the periadrenal location. Our data on distribution of BAT across individual locations provide a deeper insight into this phenomenon, and show a clear route for further morphological and functional studies. In recent years, the development of radiology methods able to visualize BAT in vivo opened new prospects to such studies (Hadi et al. 2007; Goetze et al. 2008) .
